To better understand how the folate receptor (also known as the membrane folate binder) is able to deliver 5-methyltetrahydrofolic acid to the cytoplasm of folate-depleted MA104 cells, we have examined the kinetics of movement from the cell surface into the cytoplasm. Bound 5-methyltetrahydrofolic acid was transferred into an acid-resistant membrane compartment at the rate of 0.9-1.0 pmol/106 cells per h. This folate appeared in the cytoplasm at the same rate. Furthermore, cytoplasmic 5-methyltetrahydrofolic acid became polyglutamated at the rate of 0.6-0.7 pmol/106 cells per h. As soon as intracellular 5-methyltetrahydrofolate reached 5-7 pmol/106 cells, however, cytoplasmic accumulation was markedly inhibited even though the folate receptor remained functional. Therefore, the acute regulation of 5-methyltetrahydrofolic acid accumulation appears to be achieved by controlling the movement of the vitamin from the receptor into the cytoplasm of the cell.
Introduction
Certain tissue culture cells, when grown in the presence of low concentrations (< 5-10 nM) of 5-methyltetrahydrofolic acid, express on their cell surface a high affinity membrane receptor for folate (1, 2) . This receptor is the membrane form (2, 3) of a soluble folate-binding protein found in the plasma (4, 5) , milk (6) , and placenta (7) of various animal species. Two lines of evidence suggest that this receptor mediates the delivery of physiologic concentrations of 5-methyltetrahydrofolate to the cytoplasm of folate-depleted cells: (a) when KB cells are incubated in the presence of an antibody to the soluble folate binder that inhibits the binding of 5-methyltetrahydrofolic acid, the cells fail to accumulate 5-methyl[3H]tetrahydrofolic acid (1) ; and (b) folic acid, a high affinity folate that binds to the folate receptor but is not delivered to the cytoplasm of the cell (8) , blocks the cellular accumulation of 5-methyl[3H]-tetrahydrofolic acid in MA 104 cells (2) .
The complete amino acid sequence of the human folate receptor has been deduced from a cDNA clone (9) . The sequence contains the partial human folate-binding protein sequence reported by Sadasivan and Rothenberg (10, 1) and the amino acid sequence of the bovine milk folate-binding protein (12) . It is a glycoprotein of 257 amino acids with three potential glycosylation sites and eight potential disulfide bonds. At the amino terminus is a 20 amino acid long signal sequence. Although there is not a typical membrane-spanning region in the molecule, the COOH terminus ends with a stretch of 14 hydrophobic amino acids that are not present in the bovine folate-binding protein ( 12) . The presence of a predicted COOH-terminal hydrophobic amino acid sequence in the cDNA but an absence of the sequence in the mature protein is diagnostic for a glycosyl-phosphatidylinositol-linked protein (13) . Since the receptor is released from MA 104 membranes by phosphatidylinositol-specific phospholipase C (9), the membrane attachment predicted by the cDNA has been confirmed by direct experimentation. Hydrolysis of this anchor could release the receptor from the membrane, thus explaining the difference between the membrane and soluble forms of this protein (14, 15) .
We have been interested in the cellular mechanism used by the folate receptor to mediate the accumulation of 5-methyltetrahydrofolic acid by folate-depleted MA 104 cells (2, 8) . Using both 5-methyl[3H]tetrahydrofolic acid and [3H]folic acid as ligands, four steps in the uptake process have been identified: (a) binding of folate to the receptor; (b) translocation of the folate-receptor complex into a compartment where it is protected from the releasing effect of low pH; (c) accumulation of 5-methyltetrahydrofolate in the cytoplasm; and (d) addition of multiple glutamic acid residues to form a folylpolyglutamate. Under a variety of conditions both occupied and unoccupied receptors are cyclically transferred back and forth between the acid-labile and acid-resistant compartments, and both compartments are associated with the plasma membrane fraction of the cell. We have interpreted this transfer to be movement ofthe receptor into a membrane-bound vacuole that is not in direct contact with the extracellular space. Approximately one-half of the receptors are in this compartment and one-half are exposed at the cell surface. The appearance of the 5-methyl[3H]tetrahydrofolate in the cytoplasm is blocked by agents that neutralize acidic intracellular compartments; however, these agents have no effect on receptor movement, which suggests a key role for protons in the cytoplasmic delivery step (8) .
If 
Measurement offolate binding and accumulation
To measure folate receptor activity, on day 4 (see figure legends) of cell growth the medium was removed by aspiration and 1.5 ml of medium B was added to each T-25 flask. The indicated type of radiolabeled folate was added to the dish in the presence or absence of 100-fold excess unlabeled folate and the cells were incubated for the indicated time. In some experiments the medium was replaced with fresh medium B and the cells were incubated for various times. Except for the experiments shown in Figs. 8 and 9 and Table I , at the end of the incubation the cells were chilled on ice and the medium was removed by aspiration. After rinsing with 5 ml ice-cold DPBS, folate was released from the cells by washing rapidly for 30 s with 2 ml ice-cold acid saline (0.15 M NaCI, adjusted to pH 3 with glacial acetic acid) followed by a rinse with 1 ml cold DPBS. The radiolabeled folate in the acid saline plus the I ml cold DPBS wash represented acid-labile folate. The cells were released from the culture dish by incubating with 1 ml trypsin-EDTA for 5 min at 370C degrees and then rinsed twice with 1 ml DPBS. The trypsin-EDTA suspension and washes were combined and the amount of tritium, which corresponds to the acid-resistant folate, was determined. The acid-labile measurements shown in Figs. 8 and 9 and Table I were carried out by doing the acid wash for 30 s at 370C. Radioactivity was measured by liquid scintillation counting using a Tri-Carb counter (Packard Instrument Co. Inc., Downers Grove, IL) that had an efficiency of -40% in scintillation fluid prepared as described previously (2) . All values represent specific binding or accumulation, which was calculated by subtracting the value for
[3H]folate in the presence of unlabeled folate (nonspecific) from the value in the absence of unlabeled folate (total). Each value shown represents the average of duplicate incubations. Nonspecific uptake or binding was never > 5-10% ofspecific. Where indicated, the cell number in the trypsin EDTA suspension was determined with a hemocytometer, or the protein content was determined by the method of Bradford (22) . The protein content of cells used in some of the calculations was 400 ,ug/ I06 cells.
Measurement ofmembrane and cytoplasmicfolate
Previously we separated membranes from cytoplasm using Percoll gradients (8) . To simplify the methodology we lysed cells by freezethawing in a hypotonic buffer and separated the membranes from the cytoplasm by ultracentrifugation. After the labeling experiments as indicated, the cells were washed with DPBS and 1.5 ml of buffer A (10 mM Tris-base, pH 8.0, 0.02 mg/ml aprotinin, 0.02 mg/ml leupeptin, and 1-10 gM DL-5-methyltetrahydrofolic acid) was added to each T-25 flask at 4°C and the flasks were placed at -80°C for at least 15 min. After the freezing step the cells were placed on an ice tray and 0.5 ml of ice-cold buffer A was added to the dish to thaw the cells. The dissolved extract was aspirated, each flask was rinsed with 1 ml of buffer A, and the two samples were combined, all at 4°C. The combined extracts were centrifuged for 1 h at 100,000 g in either an L8-70 using a 50 TI rotor or a TL-100 using a TLA 100.3 rotor (Beckman Instruments Inc., Palo Alto, CA) to separate the membrane fraction (pellet) from the cytoplasmic fraction (supernatant fluid). Based Preparation ofcell extracts for analysis of radiolabeledfolate Analysis of radiolabeled folate in cells was carried out as previously described (8) . Likewise, cytoplasmic and membrane fractions were also analyzed using the acetic acid-d mercaptoethanol buffer system for extracting folate from cellular extracts (8) . There was one important change in the methodology. We found that iodoacetate, which was used previously as a protease inhibitor (8), interfered with the chromatographic separation of the folates. For this reason, buffer A contained leupeptin and aprotinin instead of iodoacetate to inhibit proteolysis. In the absence of iodoacetate the overall recovery of tritium that cochromatographed with an authentic folate increased from 75% as reported earlier (8) Preparation for HPLC analysis and analysis of folylpolyglutamates HPLC analysis of 5-methyl[3H]tetrahydrofolic acid, analogues, and metabolites was carried out exactly as described previously (8) .
Results
Rate of 5-methyltetrahydrofolic acid internalization. Previously 5-methyltetrahydrofolic acid accumulation in the cytoplasm of folate-depleted MA104 cells was measured while the cells were continuously incubated in the presence of the radiolabeled folate. With this protocol we could not rule out the remote possibility that 5-methyl[3H]tetrahydrofolic acid was entering the cell independently of the folate receptor. Therefore, to more accurately assess the delivery function of the folate receptor, MA104 cells were incubated in the presence of 40 nM 5-methyl[3H]tetrahydrofolic acid for 2 h at 370C to allow saturation of the receptor, washed at 370C to remove all extracellular ligand, and then incubated in medium alone for various times at 370C. At each time point cells were chilled and the quantity of acid-labile (bound to exposed receptors) and acid-resistant (internal receptors) label was measured ( Fig. 1) . As the chase was lengthened there was an increase in the amount of 5-methyl[3H]tetrahydrofolic acid that was resistant to acid release and a corresponding decline in the amount that was released by the acid wash. After 4 h at 370C only 18% of the total 5-methyl[3H]tetrahydrofolic acid remained accessible to the acid wash. Since only a small amount of the label appeared in the media (Fig. 1), As shown in Fig. 2 , during the first 15 min of the chase there was a linear increase in the quantity of acid-resistant [3H]folic acid associated with the cell. The decline in the apparent rate of folic acid internalization is because of receptor recycling (i.e., [3H]folic acid being initially internalized to an acid-resistant compartment and then returning again to an acid-labile state) (8) . From the slope of the curve during the initial 10 min we calculated that the folic acid-receptor complex moved into the acid-resistant compartment at a rate of 0.9 pmol/106 cells per h.
The movement of 5-methyltetrahydrofolic acid into the cytoplasm was determined by incubating the cells in the presence of 5-methyl[3H]tetrahydrofolic acid for various times at 37°C, homogenizing the cells, and measuring the amount of label in a 100,000 g membrane pellet and the amount that remained in the soluble, cytoplasmic fraction (Fig. 3) (8) . Starting at 0.5 h of incubation (Fig. 4) (Fig. 6 C) , however, did not lose any detectable 5-methyltetrahydrofolate from the acid-labile fraction, nor was there any increase in the acid-resistant fraction. The cell fractionation technique (Fig. 3 ) was used to measure the effect of folate repletion on the movement of 5-methyltetrahydrofolate from the membrane fraction into the soluble, cytoplasmic fraction (Fig. 7) . Folate-depleted cells were incubated in the presence of 40 nM 5-methyl[3H]tetrahydrofolic acid for either 2 or 12 h. The cells were washed and then incubated in folate-free medium for the indicated time. At the end of each chase period the membrane and cytoplasmic fractions were prepared for analysis. As shown in Fig. 7 during the chase in cells that had been incubated with ligand for 12 h (Fig. 7 B) . (Table I) fraction when we used the freeze-thaw assay to separate membranes from cytoplasm (data not shown).
The acid-labile 5-methyl[3H]tetrahydrofolic acid that appeared at the cell surface during the 370C incubation after each acid wash (Fig. 8 ) must have come from the acid-resistant receptor pool. This experiment did not rule out the possibility, however, that with time the empty receptors generated during the acid wash can acquire 5-methyltetrahydrofolate from the cytoplasm. Fig. 9 shows that even when cells were incubated up to 4 h after an acid wash that removed 5-methyl[3H1-tetrahydrofolic acid from receptors exposed at the cell surface, the receptors remained empty. That is, there was no increase in the amount oflabeled 5-methyltetrahydrofolate released in the second acid wash. 
Discussion
To establish a function for the folate receptor in delivering 5-methyltetrahydrofolic acid to the cytoplasm of folate-depleted cells, each step in the movement of receptor-bound 5-methyltetrahydrofolate from the cell surface into the cytoplasm must be identified. Our previous studies suggested that a key event in initiating this traffic pattern was the cyclic movement of the receptor from the cell surface into a membranebound vacuole and back to the cell surface (8) . The current results indicate that when the cells are incubated with 5-methyl[3H]tetrahydrofolic acid at 370C, washed, and incubated for various times without changing the temperature, the surface-bound 5-methyltetrahydrofolate moves into the cell. This establishes that the receptor can directly deliver 5-methyltetrahydrofolate to the cell interior. Approximately 1 pmol of folates per 106 cells will bind to externally oriented receptors, which corresponds to 600,000 receptors exposed at the surface of each cell. Based on the initial rate of disappearance from the acid-labile sites (0.9 pmol/106 cells per h), each minute 1.5% of the receptors (or 9,000 molecules) are internalized.
Kinetics of transport. Since the final destination of the 5-methyltetrahydrofolic acid is the cytoplasm, we were interested in comparing the rate of receptor internalization (transfer of acid-labile to an acid-resistant compartment) with the rate of ligand delivery to the cytoplasm. We measured the former by following the movement of [3H]folic acid, since this folate remains bound to the receptor as it recycles instead of accumulating in the cytoplasm (8) . On the other hand, the rate of movement of 5-methyl[3H]tetrahydrofolic acid into the cytoplasm was measured by using centrifugation to separate the membrane fraction from the cytoplasmic fraction at various times after the cells were incubated in the presence of the ligand at 370C. This strategy revealed that the initial rate of receptor internalization and the initial rate of delivery to the cytoplasm were nearly identical (0.8-0.9 pmol/106 cells per h).
Since the rate of disappearance of 5-methyl[3H]tetrahydrofolic acid bound to externally oriented receptors (Fig. 1) was 0.9 pmol/106 cells per h, in the time frame of this experiment (4 h) most of the ligand must have appeared in the cytoplasm (see Fig. 7 A) . These kinetic measurements implicate the receptor internalization step as being necessary for delivery of 5-methyltetrahydrofolic acid to the cytoplasm.
The conversion of 5-methyl[3H~tetrahydrofolic acid from a monoglutamate to a polyglutamate may be important for retention of the folate in the cell as well as other physiologic functions (reviewed in reference 23). The folate-depleted cell offers a unique opportunity to measure both the rate of conversion of monoglutamate to polyglutamate as well as the proportion of cytoplasmic folate that is polyglutamated during 5-methyltetrahydrofolate accumulation. Almost as soon as 5-methyl[3H]tetrahydrofolic acid reached the cytoplasm, polyglutamate derivatives were formed. Moreover, the rate of polyglutamate formation was only slightly slower than the rate of 5-methyltetrahydrofolate delivery to the cytoplasm, which indicates that the delivery system can supply enough substrate for the polyglutamate synthetase enzyme. After 6 h the fraction of 5-methyltetrahydrofolic acid that was polyglutamated was 75-80%, which is the proportion of total 5-methyltetrahydrofolate ordinarily found as a polyglutamate in cultured MA 104 cells grown in physiologic concentrations of folate. (Table I) and the multiple acid wash assay (Fig. 8) Fig. 8 with Fig. 6 in reference 8) . To see if cytoplasmic folates were competing with extracellular 5-methyltetrahydrofolate for binding to receptors in replete cells (Fig.  9) we generated empty receptors at the cell surface by acid washing, allowed the unoccupied receptors to cycle for various times at 370C, and then assayed for the number of occupied receptors by doing a second acid wash. These experiments showed that the acid-stripped receptors remained empty. Therefore, the receptor appears not to be accessible to cytoplasmic folates. This leaves transmembrane transport as the likely site of regulation.
Exactly how regulation ofmovement across the membrane is achieved remains to be elucidated. Much more needs to be known about how the charged 5- Receptor coupled transmembrane transport. The function ofthe folate receptor may be to concentrate the 5-methyltetrahydrofolic acid to a level that allows for optimal transport by a folate transporter. There are many examples where membrane receptors function to concentrate specific molecules at the cell surface. In eukaryotic cells the best example is receptor-mediated endocytosis, which is crucial for delivery of metabolically important molecules to the interior of cells (25) . A transport mechanism that appears to be more analogous to folate transport, however, is the periplasmic transport system in gram-negative bacteria (26) . There is considerable evidence that low molecular weight nutrients such as histidine (27) , maltose (28), f3-methyl galactoside (29, 30) , phosphate (31), and cobalamin (32) are delivered to the cytoplasm of these bacteria by a periplasmic permease complex that consists of a high affinity substrate-binding protein and one to three membrane-bound components. The substrate-binding protein concentrates the nutrient in the periplasm and transfers it to the membrane-bound component, which moves it across the inner membrane. This mechanism has evolved in bacteria because of the need to concentrate molecules in the cell against gradients as large as 105-fold (26) .
Summary. In the cultured MA104 cell the folate receptor allows the cell to accumulate micromolar amounts of folate when the 5-methyltetrahydrofolate present in the medium is at concentrations of only 20-40 nM. Although this receptor is present in other cultured cell lines and apparently induced by growth in physiological rather than pharmacological folate (33) (34) (35) , there is no information about how the receptor functions in vivo. This is an important future goal.
The folate transport system uncovered by studying folatedepleted tissue culture cells (1, 2, 8, 24, (33) (34) (35) 
